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reveals	 evidence	 of	 geographical	 structuring	 of	MDV	 strains,	 with	 reconstructions	
supporting	 the	 emergence	 of	 virulent	 viruses	 independently	 in	North	America	 and	
Eurasia.	Of	note,	the	emergence	of	virulent	viruses	appears	to	coincide	approximately	
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into	 the	 evolution	 of	Marek’s	 disease	 virus	 (MDV,	 also	 referred	 to	











a	 recent	 study	 show	 that	 newer	MDV	 lineages	 that	 evolved	 in	 the	
vaccination	 era	 are	 significantly	 fitter	 than	 ancestral	 vaccine-	naïve	
strains	 (Read	 et	al.,	 2015).	 These	 findings	 support	 theoretical	 pre-
dictions	 (Gandon	 et	al.,	 2001;	 Smith	 &	Mideo,	 2017)	 that	 the	 use	
of	vaccines	to	suppress	but	not	block	pathogen	replication	or	trans-
mission	 (so	 called	 antidisease,	 imperfect,	 or	 leaky	 vaccines)	 results	
in	 the	 evolution	 of	 viruses	 with	 increased	 replication	 (i.e.,	 fitness)	
or	 transmission	and	 therefore	virulence.	Meanwhile,	previous	 stud-
ies	 addressing	 the	 industrialization	 of	 farming	 have	 discussed	 how	
MDV	 virulence	 can	 increase	 independently	 of	 vaccine	 use	 (Atkins,	
Read,	Walkden-	Brown	et	al.,	 2013;	Atkins,	Read,	 Savill	 et	al.,	 2013;	
Rozins	&	Day,	2017).	 In	these	studies,	denser	flocks	and	longer	du-
rations	for	rearing	 in	combination	with	shorter	 intercohort	 intervals	
and	limited	virus	elimination	by	cleaning	and	disinfection	can	lead	to	
reduced	MDV	virulence.	Many	of	these	factors	seem	counterintuitive	





Both	vaccine	 use	 and	 intensive	 farming	 can	 influence	 pathogen	
transmission	 dramatically	 because	 they	 artificially	 manipulate	 the	
immune	 status	and	population	dynamics	of	 the	host.	The	 impact	of	
these	factors	on	transmission	could	in	principle	result	in	a	drive	toward	
increased	pathogen	virulence.	Given	that	both	imperfect	vaccination	
and	 industrialized	 farming	practices	are	now	pervasive	 in	 the	global	
poultry	industry,	we	set	out	to	explore	their	impact	on	the	evolution	
of	MDV.	We	 present	 findings	 from	 a	 phylogenomic	 study	 aimed	 at	





chicken	 embryo	 cells	 (CEC)	 that	 were	 infected	with	 the	 respective	




was	 resuspended	 in	 500	μl	 TEN	 buffer	 (100	mm	 NaCl,	 10	mm	 Tris,	
1 mm	EDTA,	pH	8.0)	and	lysed	by	the	addition	of	250	μl sarcosine lysis 
buffer	(75	mm	Tris,	25	mm	EDTA,	3%	(w/v)	N-	lauryl	sarcosine,	pH	8.0)	
followed	by	a	15-	min	incubation	at	65°C.	RNA	was	degraded	by	the	
addition	10	μl	RNAse	A	 (10	mg/ml)	 and	30-	min	 incubation	at	37°C.	
Protein	was	digested	during	a	16-	hr	incubation	after	the	addition	of	
10 μl	 proteinase	 K	 (20	mg/ml).	 DNA	 was	 extracted	 using	 a	 stand-












of	MDV	 strain	 RB-	1B	 (GenBank	 EF523390.1).	The	 tiling	 array	 con-




(Illumina),	 target-	enriched	 libraries	 were	 quantified	 by	 qPCR	 using	
the	 NEBNext	 Library	 Quant	 Kit	 (New	 England	 Biolabs).	 Up	 to	 48	
samples	were	pooled	to	equal	molarity	and	subjected	to	sequencing	
using	 Illumina’s	v3	 chemistry	 for	2	×	300	bp	paired-	end	 sequencing.	
Read	quality	of	NGS	data	was	assessed	with	FastQC	(Andrews,	2010).	
Reads	were	preprocessed	by	Trimmomatic	 (Bolger,	 Lohse,	&	Usadel,	








We	 combined	 four	 newly	 sequenced	 consensus	 genomes	 with	 18	
complete	or	near-	complete	MDV	genomes	obtained	 from	GenBank	
(for	detailed	strain	information,	see	Table	S1).	The	genomic	sequences	
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were	 aligned	 using	 MAFFT	 v7.205	 (Katoh	 &	 Standley,	 2013).	 For	




Gblocks	 v0.91	 (Castresana,	 2000).	 Remaining	 ambiguous	 nucleo-
tide	positions	were	 treated	as	missing	data	 in	 subsequent	 analyses.	










and	 nearest	 neighbor	 interchange	 for	 tree	 topology	 improvement.	
Temporal	 signal	 was	 examined	 by	 plotting	 root-	to-	tip	 phylogenetic	







was	also	explored	by	comparing	 topologies	 and	 temporal	 signals	of	
trees	reconstructed	either	with	or	without	the	identified	recombinant	
regions.
A	 final	 alignment	 of	 20	 genomic	 sequences	 was	 analyzed	 in	 a	
clock-	based	 phylogenetic	 framework	 in	 BEAST	 v1.8.4	 (Drummond,	




Where	 applicable,	 a	 continuous-	time	Markov	 chain	 prior	 and	 expo-
nential	 (M	=	0.3,	 initial	=	0.3)	 distribution	were	 used	 for	 clock	mean	
and	standard	deviation	prior	parameters,	respectively.	For	each	model,	
we	 conducted	Monte	 Carlo	Markov	 chains	 (MCMC)	 of	 100	million	





are	 reported	 as	 95%	 highest	 posterior	 distributions	 (HPD)	 around	





Ancestral	 pathotypes	 and	 geographical	 origins	 were	 inferred	 in	
BEAST	 by	 reconstructing	 discrete	 traits	 onto	 the	 final	 rooted	 time-	
measured	MDV	phylogeny	(Lemey,	Rambaut,	Drummond,	&	Suchard,	












MAFFT	 and	using	 the	Md5	 reference	 genome	 to	 guide	 gene	 anno-
tations.	Mutations	 recorded	 in	MDV094-	96	 did	 not	 include	 sample	
Md11	due	to	incomplete	genomic	data	for	this	sample.	For	all	genes,	
synonymous	and	nonsynonymous	substitutions	as	well	as	indels	were	
recorded.	 For	 comparisons	 of	mutations	 across	 clades,	 point	 muta-
tions	from	either	tree	tips	or	reconstructed	internal	nodes	were	used.	
Ancestral	 consensus	 sequences	 of	 the	 internal	 nodes	 EUA	 and	NA	



























of	80	passages	 in	CEC	and	 is	known	to	be	attenuated	 (Schumacher	
et	al.,	 2000).	 The	disruptive	 influence	of	 the	 two	 sequences	on	 the	





neighboring	 regions	 of	 the	 alignment	 spanning	 ORFs	 MDV040	 to	
MDV066	and	MDV072	to	MDV073,	respectively	(Table	S2).	The	im-
pact	of	the	recombinant	regions	on	ML	tree	topology	was	minimal,	but	
their	 removal	 influenced	temporal	signal	 (Fig.	S2b	vs.	c).	The	result-
ing	temporal	signal	in	the	final	dataset	was	high	(Figure	2a;	R2 = 0.93; 
Correlation	Coefficient	=	.97),	 indicating	that	a	time-	scaled	phyloge-
netic	analysis	was	appropriate.
For	 dated	 phylogenetic	 reconstructions	 in	 BEAST,	 a	 GTR	+	Γ4 
site	 model,	 constant	 size	 coalescent	 tree	 prior,	 and	 relaxed	 uncor-
related	 lognormal	clock	 (Drummond,	Ho,	Phillips,	&	Rambaut,	2006)	
were	 used.	These	were	 selected	 following	Bayes	 factor	 comparison	
of	marginal-	likelihood	estimates	(Table	1).	Selection	of	a	relaxed	clock	
was	 further	 supported	 by	 the	 distribution	 of	 the	 coefficient	 of	 rate	
variation,	which	fell	between	0	and	1	and	excluded	zero	(M	=	0.204,	
95%	HPD	=	0.023–0.376).	However,	we	note	that	the	deviation	from	
a	strict	clock	 is	not	substantial	 for	 this	dataset,	as	evidenced	by	the	
relatively	 low	coefficient	of	rate	variation,	the	difference	 in	marginal	
likelihoods,	 and	 the	 similarity	 of	 evolutionary	 parameters	 that	were	
estimated	across	models	(Figure	2b).	The	HPD	for	growth	rate	did	not	






















     |  1095TRIMPERT ET al.

















Eurasia	and	 in	North	America.	 Interestingly,	virulent	viruses	 (vv,	vv+	
























we	 did	 identify	 a	 small	 number	 of	ORFs	with	 greater-	than-	average	
























The	 paucity	 of	 knowledge	 concerning	 the	 evolution	 of	 dsDNA	
viruses	 is	 particularly	 surprising	 given	 their	 medical	 and	 veterinary	
Site model Demographic model Clock model Marginal LnL
Preferred 
modela
GTR	+	Γ4 Exponential Lognormal −202,049.682
HYK	+	Γ4 Exponential Lognormal −202,055.683
GTR	+	Γ4 Exponential Strict −202,050.507
HYK	+	Γ4 Exponential Strict −202,057.989
GTR	+	Γ4 Constant Lognormal −202,048.025 *
HYK	+	Γ4 Constant Lognormal −202,054.499
GTR	+	Γ4 Constant Strict −202,050.300
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importance.	Our	use	of	MDV	 samples	 collected	between	1968	and	
2015	enables	a	 first	 insight	 into	the	origin	and	tempo	of	MDV	evo-
lution,	 representing	 the	 first	 alphaherpesvirus	 affecting	 agricultural	
animals	 to	 have	 undergone	 such	 a	 detailed	 genome-	scale	 phyloge-





higher	 than	 typically	 expected	 for	 dsDNA	viruses	 and	 imply	 higher	
rates	of	nucleotide	substitution	than	those	inferred	by	host–virus	co-
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lication	and	 transmission.	 Indeed,	of	 all	point	mutations	detected	 in	
the	screened	ORFs,	over	62%	were	nonsynonymous,	 implying	a	role	
for	positive	selection	during	the	evolution	of	MDV	(Padhi	&	Parcells,	









virulent	MDV	 strains	 (Table	2)	 including	 the	 general	 transactivators	
Meq	 (MDV076),	 ICP4	 (MDV084),	 and	 ICP27	 (MDV068).	 Several	 of	
the	 listed	 genes	 have	 been	 shown	 experimentally	 to	 play	 a	 role	 in	
MDV	pathogenicity	(Amor	et	al.,	2011;	Brown	et	al.,	2006;	Jarosinski,	
Osterrieder,	 Nair,	 &	 Schat,	 2005;	 Kamil	 et	al.,	 2005;	 Liu	 et	al.,	
1999;	 Lupiani	 et	al.,	 2004;	 Nair,	 2013;	 Reddy	 et	al.,	 2002;	 Tischer,	
Schumacher,	Messerle,	Wagner,	&	Osterrieder,	2002).	While	known	
as	an	important	MDV	oncoprotein,	Meq	is	also	expressed	during	lytic	























detect,	 have	 also	 played	 a	 significant	 role	 in	MDV	virulence	 evolu-
tion.	For	example,	of	the	genes	associated	with	virulence,	only	10%	
were	 shared	by	 both	virulent	 Eurasian	 and	North	American	 strains,	
with	 the	majority	of	genes	either	containing	no	variation	 (>50%)	or	
harboring	 variants	 that	were	 specific	 to	 one	 but	 not	 both	 lineages	
(10%–20%).	This	 is	 not	 surprising	 given	 the	 size	 and	 complexity	 of	
the	MDV	genome,	and	it	supports	findings	from	recent	studies	of	vir-
ulence	evolution	 in	the	distantly	related	dsDNA	virus	MYXV,	where	










has	 a	 recent	 evolutionary	 past.	MDV	was	 first	 described	 by	 Jozsef	
Marek	in	Hungary,	1907	(Marek,	1907),	but	the	wider	history	of	MDV	
in	Eurasia	or	North	America	is	not	clearly	understood.	It	is	possible	that	
the	virus	 and	 the	 chicken	host	have	undergone	a	 long	 coevolution-
ary	history	(Weiss	&	Biggs,	1972),	in	which	case	our	analysis	indicates	
expansion	of	a	relatively	narrow	subset	of	MDV	in	the	20th	century.	






presented	here.	 It	may	 also	be	useful	 in	 future	 to	 sample	 feral	 jun-
glefowl	and	related	species,	which	although	 less	commonly	 infected	
(Nair,	 2005),	will	 help	 to	 characterize	 the	wider	 genetic	 diversity	 of	
MDV,	particularly	because	such	wild	bird	populations	have	not	been	
exposed	 to	 the	 extreme	 and	 artificial	 selective	 pressures	 found	 on	
poultry	farms.
An	 interesting	 aspect	 of	 our	 genome-	scale	 analysis	 is	 that	MDV	
virulence	appears	to	have	evolved	independently	in	Eurasia	and	North	
America,	 respectively.	 Virulent	 strains	 clustered	 together	 in	 derived	





















MDV070 UL55-	like Nuclear	protein *
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Genome	 sequences	 are	 available	 on	 GenBank	 under	 the	 following	
accession	numbers:	MF431493-	6.	All	other	raw	data	including	align-
ments,	phylogenetic	trees,	and	mutation	information	across	ORFs	are	
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